Introduction
During mitosis, the kinetochore, the protein complex assembled at each centromere on each chromosome, serves as the attachment site for spindle microtubules and powers chromosome move ment along the mitotic spindle Santaguida and Musacchio, 2009; Joglekar et al., 2010) . Unattached kineto chores generate the "waiting signal" for the mitotic checkpoint (also known as the spindle assembly checkpoint), which delays anaphase onset before successful attachment of every chromo some to microtubules of the spindle Musacchio, 2011) . Errors in this process cause aneuploidy, which early in development leads to lethal development defects and later is the hallmark of human tumor progression (Hartwell and Kastan, 1994) .
BubR1, an essential mitotic checkpoint kinase (Chan et al., 1999; Chen, 2002) , also plays an important role in kinetochoremicrotubule attachment and metaphase chromosome alignment (Ditchfield et al., 2003; Lampson and Kapoor, 2005; Zhang et al., 2007) . BubR1 has been shown to be phosphorylated by several other mitotic kinases, and these phosphorylations are important for BubR1 functions in kinetochore-microtubule attachment as well as the mitotic checkpoint (Elowe et al., 2007 (Elowe et al., , 2010 Matsumura et al., 2007; Huang et al., 2008) . However, how BubR1's own kinase activity is involved in its kinetochore func tions is largely unknown. Although BubR1 kinase activity is below a detectable level in vitro with purified components Wong and Fang, 2007) , its autophosphorylation activity is significantly increased upon either prephosphoryla tion by Cdk1 and Plx1 (Wong and Fang, 2007) or addition of CENPE , a kinetochoreassociated micro tubule motor protein (Yen et al., 1992 ) and a BubR1 binding partner (Chan et al., 1998; Yao et al., 2000) . Furthermore, micro tubule capture by CENPE can silence BubR1 kinase activity in a ternary complex of BubR1-CENPE-microtubules (Mao et al., 2005) . The BubR1 kinase activity has been shown to be important for the mitotic checkpoint in Xenopus laevis egg extracts and human cells (Kops et al., 2004) . Replacing endogenous BubR1 with a kinaseinactive (kinase dead [KD] ) BubR1 in Xenopus egg extracts (Zhang et al., 2007) , H ow the state of spindle microtubule capture at the kinetochore is translated into mitotic checkpoint signaling remains largely unknown. In this paper, we demonstrate that the kinetochore-associated mitotic kinase BubR1 phosphorylates itself in human cells and that this autophosphorylation is dependent on its binding partner, the kinetochore motor CENP-E. This CENP-Edependent BubR1 autophosphorylation at unattached kinetochores is important for a full-strength mitotic checkpoint to prevent single chromosome loss. Replacing endogenous BubR1 with a nonphosphorylatable BubR1 mutant, as well as depletion of CENP-E, the BubR1 kinase activator, results in metaphase chromosome misalignment and a decrease of Aurora B-mediated Ndc80 phosphorylation at kinetochores. Furthermore, expressing a phosphomimetic BubR1 mutant substantially reduces the incidence of polar chromosomes in CENP-E-depleted cells. Thus, the state of CENP-E-dependent BubR1 autophosphorylation in response to spindle microtubule capture by CENP-E is important for kinetochore function in achieving accurate chromosome segregation. mutant, restored pAbT608 signals at the kinetochore (Fig. 1 , compare E and F). Furthermore, replacing endogenous BubR1 with a kinaseinactive (KD) point mutant (K795A) did not display kinetochoreassociated pAbT608 signals even with an over exposed time compared with cells with wildtype BubR1 (Fig. 1 G) . Collectively, these results strongly demonstrate that BubR1 is a kinase in human cells and phosphorylates itself at the kinetochore.
We further evaluated the BubR1 autophosphorylation at kinetochores during mitotic progression using the BubR1 pAbT608 phosphoantibody. Cells in prometaphase showed BubR1 autophosphorylation signals at the kinetochores, whereas cells in metaphase displayed low levels of pAbT608 signals at all aligned kinetochores (Fig. S1 C) . Thus, BubR1 autophos phorylation is sensitive to kinetochore-microtubule attachment. Treatment with nocodazole to depolymerize microtubules in deed resulted in a relatively uniformly high level of BubR1 auto phosphorylation on all unattached kinetochores (Fig. S1 C) .
BubR1 kinase activity and its autophosphorylation were substantially increased in the presence of its binding partner, the kinetochore motor CENPE, in vitro ( Fig. 1 A, lane 2) . Decreased levels of CENPE after siRNA to CENPE also reduced levels of BubR1 autophosphorylation on unattached kinetochores (Fig. S2, A-D) . In contrast, the antibody that detects BubR1 regardless of its autophosphorylation state did not display substantial change in signal levels at kinetochores in CENPE-depleted cells (Fig. S2 , E-H). These results suggest that BubR1 kinase activity and its autophosphorylation, but not BubR1 itself, at the kinetochore in human cells depend on its interaction with CENPE. To determine whether the autophosphorylation is important for BubR1 functions in mitosis, we used sitedirected mutagenesis to convert the autophosphorylatable residue to an amino acid mimicking constitutive phosphorylation (glutamic acid [E] ) and to a nonphosphorylatable amino acid (alanine [A] ). The endog enous BubR1 expression level in T98G cells can be reduced by an siRNA duplex targeted to a region of human BubR1, and the BubR1 expression can be restored with a cotransfected BubR1 gene mutated in three silent base positions within the site of action of the siRNA (Huang et al., 2008) . Using this approach, we replaced endogenous BubR1 with mCherrytagged siRNA resistant wildtype BubR1 or BubR1 phosphorylation mutants to a similar expression level in human cells (Fig. 2 A) .
Cells with BubR1 replaced by either type of mutants at the autophosphorylation site were assessed by livecell imag ing in unperturbed mitoses; each yielded overall time spent in mitosis was comparable to that of cells expressing wild type BubR1 (Fig. 2, B and C) . Although a majority of the cells expressing wildtype BubR1 (84%) progressed through normal mitosis with accurate chromosome segregation (Fig. 2 , B and C), >75% of the cells expressing the nonphosphorylatable BubR1T608A mutant had misaligned (polar) chromosomes, which subsequently missegregated during anaphase (Fig. 2, B-D) . Notably, cells that had many misaligned chromosomes spent a Drosophila melanogaster (Rahmani et al., 2009) , and human cells (Matsumura et al., 2007) all results in metaphase spindles with misaligned chromosomes, indicating that BubR1 kinase activity also directly modulates microtubule capture at the kinetochore.
CENPE, the activator of BubR1 kinase, is a kinetochore associated kinesin motor protein. Interference with CENPE function using anti-CENPE antibody injection (McEwen et al., 2001) or CENPE depletion by antisense oligonucleotides (Yao et al., 2000) or small interfering RNAs (MartinLluesma et al., 2002) results in an obvious but incomplete metaphase plate with variable numbers of polar chromosomes. Individual cells from cultured CENPE-null embryos also show one or more misaligned chromosomes (Putkey et al., 2002) . Furthermore, the mitotic checkpoint cannot be activated or maintained in Xenopus egg extracts depleted of CENPE, probably because of the loss of Mad1-Mad2 from unattached kinetochores . Cells without CENPE in vitro and in vivo also have reduced levels of Mad1-Mad2 associated with unattached kinetochores and produce premature anaphase onset with one or a few polar chromosomes, resulting in an increase of aneuploidy (Putkey et al., 2002; Weaver et al., 2003 Weaver et al., , 2007 . These results indicate that the mitotic checkpoint cannot be maintained in the absence of CENPE when there are only one or a few unat tached kinetochores. Upon identifying a CENPE-dependent BubR1 autophosphorylation site using purified components, we now show that BubR1 kinase activity and its autophosphoryla tion are important for kinetochore function in achieving accu rate chromosome segregation to prevent single chromosome loss in human cells.
Results

BubR1 is a kinase and phosphorylates itself in human cells in a CENP-Edependent manner
As we showed before (Mao et al., , 2005 , purified recom binant Xenopus BubR1 was able to phosphorylate itself in vitro but only in the presence of its binding partner, CENPE (Fig. 1 A, lane 2). By mass spectrometry (MS), we subsequently identified a single CENPE-dependent BubR1 autophosphorylation site, Thr593 (Thr608 in human BubR1), which lies just adjacent to the kinase domain and is conserved through frog to human (Fig. 1 B) .
We generated a rabbit polyclonal antibody specific for the phosphorylated Thr608 (pAbT608) against human BubR1. Immunoblotting of cell lysates with this phosphoantibody revealed a clear increase in phosphorylation of this site during mitosis with a band corresponding to the size of human BubR1 (Fig. S1 A, compare lanes 1 and 2). Immunoreactivity with the pAbT608 was eliminated either by treating the lysates with  protein phosphatase (Fig. S1 A, compare lanes 3 and 4) or by adsorption of the antibody with the phosphopeptide but not with the nonphosphopeptide (Fig. S1 B) . More importantly, indi rect immunofluorescence analysis in human T98G cells revealed that the kinetochore staining of pAbT608 was substantially reduced in cells transfected with BubR1 siRNA (Fig. 1 , compare C and D). Expressing an siRNAresistant mCherrytagged wildtype BubR1, but not a nonphosphorylatable BubR1T608A double mutant spent less time in mitosis in comparison to cells expressing wildtype BubR1 (Fig. S3 B) . These results indicate that BubR1 kinase has other substrates that are important for achieving accurate chromosome segregation, further supporting a role of BubR1 kinase in mitosis. The basic plan of the mitotic checkpoint signaling cascade is es tablished. Before spindle microtubule capture, the Mad1-Mad2 complex is targeted to unattached kinetochores (Chen et al., 1998) , in which additional Mad2 is recruited (Luo et al., 2004; De Antoni et al., 2005) and converted into a rapidly released, inhibi tory form (Shah et al., 2004; Vink et al., 2006) , including possible assembly of complexes with other checkpoint proteins (Sudakin et al., 2001; Fang, 2002; Kulukian et al., 2009) . To test whether BubR1 autophosphorylation at unattached kinetochores affects recruitment of Mad1 and Mad2, quantitative immunofluorescence much longer time in mitosis. The majority of the cells express ing the phosphomimetic BubR1T608E mutant (86%) had full congression without any obvious misaligned chromosomes; however, 40% of them exhibited unequal chromosome segre gation with chromosome bridges during anaphase (Fig. 2 , B, C, and E). These results demonstrate that CENPE-dependent BubR1 autophosphorylation is essential for both metaphase chromosome alignment and a fullstrength mitotic checkpoint to prevent single chromosome loss.
To better understand the role of BubR1 kinase activity in chromosome segregation, we replaced endogenous BubR1 with a BubR1T608EK795A double mutant, which is constitutively phosphorylated at the autophosphorylation site but lacks the kinase activity. Livecell imaging analysis revealed that cells expressing this BubR1 double mutant exited mitosis with un aligned chromosomes more frequently than those expressing the BubR1T608E single mutant do (Fig. S3) . Furthermore, in contrast to cells expressing the nonphosphorylatable or phosphomimetic BubR1 single mutant, cells expressing the BubR1T608EK795A -like domain, the Bub3-binding domain, the kinase domain, and the autophosphorylation site identified by LC-MS/MS, which is conserved in frog (xBubR1), human (hBubR1), and mouse (mBubR1). The autophosphorylation site is shown in red in the DNA sequences. P, phosphorylated. (C-G) Immunofluorescence images acquired using the indicated antibodies against BubR1, the autophosphorylation site (pT608), and anticentromere antigen (ACA; a centromere/kinetochore marker) in nocodazole-treated human T98G cells with endogenous BubR1 (C), with endogenous BubR1 depleted (D), replaced with siRNA-resistant mCherry-tagged wild-type (WT) BubR1 (E), the nonphosphorylatable BubR1T608A mutant (F), or kinase-inactive (KD) BubR1 (G). Bar, 10 µm.
Kinetochore levels of Mad2 were also determined in the absence of the microtubule inhibitor nocodazole. Mad2 signals at metaphase kinetochores were largely undetectable in cells expressing wildtype BubR1 as well as the nonphosphorylatable BubR1T608A and the phosphomimetic BubR1T608E mutants (Fig. 3 C) . However, kinetochores of unaligned chromosomes in cells expressing wildtype BubR1 or the phosphomimetic BubR1T608E mutant had strong Mad2 signals, whereas the levels of kinetochoreassociated Mad2 signals on polar chromosomes were substantially diminished in cells expressing the nonphos phorylatable BubR1T608A mutant (Fig. 3 C) .
was used to determine the levels of kinetochorebound Mad1 and Mad2 upon treatment with nocodazole, which induces spindle microtubule disassembly. Relative to cells expressing wildtype BubR1 or the phosphomimetic BubR1 mutant, cells expressing the nonphosphorylatable BubR1T608A mutant had diminished levels of Mad1 on unattached kinetochores (58.4%; Fig. S4 ). Fur thermore, cells expressing the nonphosphorylatable BubR1 mu tant recruited even lower levels of Mad2 (17.3%) on unattached kinetochores compared with cells expressing wildtype BubR1 (Fig. 3, A and B) . Thus, the nonphosphorylated form of BubR1 reduces Mad1-Mad2 recruitment at the kinetochore. more rapidly (125 ± 36 min) at low concentrations of nocodazole (0.33 µM) than at high nocodazole concentrations (3.3 µM), though the duration of mitosis in those cells was still longer than cells without BubR1 (41 ± 10 min; Fig. 3 D) . Collectively, these results support the notion that inhibition of BubR1 autophos phorylation results in a weakened mitotic checkpoint.
BubR1 autophosphorylation is essential for metaphase chromosome alignment
Though it is clear that BubR1 plays an important role in meta phase chromosome alignment (Lampson and Kapoor, 2005; Zhang et al., 2007) , the molecular mechanism remains largely unknown. To specifically test for effects of BubR1 autophosphorylation on chromosome alignment, we treated cells with monastrol and MG132 for 4 h to accumulate mitotic cells and then released them into MG132 alone for 1 h (to prevent premature anaphase onset; Fig. 4 A) . Consistent with an earlier study (Lampson and Cells expressing the nonphosphorylatable BubR1T608A mutant enter anaphase with a few unaligned chromosomes and have reduced levels of Mad1-Mad2 on unattached kinetochores, sug gesting a weakened mitotic checkpoint. We therefore compared the duration of the mitotic arrest in cells expressing either wild type BubR1 or the BubR1T608A mutant by treating them with 0.33 and 3.3 µM nocodazole. As expected, we observed a pro longed mitotic arrest (>10 h) in cells expressing wildtype BubR1 at both concentrations (Fig. 3 D) . In contrast, the duration of the mitotic arrest (359 ± 46 min) for cells expressing the nonphos phorylatable BubR1T608A mutant in the presence of high con centrations of nocodazole (3.3 µM) decreased significantly in comparison to cells expressing wildtype BubR1 (Fig. 3 D) . Fur thermore, cells expressing the BubR1T608A mutant left mitosis We should note that a majority of the cells expressing wild-type BubR1 were still in mitosis when the filming was ended; therefore, the time in mitosis for those cells showed here is underrepresented.
chromosomes fully aligned, only 25% of cells with the non phosphorylatable BubR1T608A mutant achieved metaphase chromosome alignment (Fig. 4, B and C) . Furthermore, replac ing endogenous BubR1 with a kinaseinactive (KD) BubR1 mutant phenocopied the nonphosphorylatable BubR1 mutant, which produced bipolar spindles with misaligned chromosomes Kapoor, 2005) , BubR1 siRNA resulted in only 30% of cells with fully aligned chromosomes, a decrease from 67% for cells with mismatch siRNA (Fig. 4, B and C) . The siRNAresistant wild type BubR1 was able to effectively rescue the metaphase chro mosome alignment defect (Fig. 4, B and C) . Although 64% of cells expressing the phosphomimetic BubR1T608E mutant had all BubR1depleted cells increased or at least remained similar (Fig. S5 C) . Therefore, the state of BubR1 autophosphoryla tion, not the mere presence of BubR1, is important for the regulation of Aurora B-mediated Ndc80 phosphorylation at the kinetochore.
BubR1 autophosphorylation depends on CENPE, the kinetochoreassociated motor and the activator of BubR1 ki nase, in vitro (Fig. 1 A) and at the kinetochores in human cells (Fig. S2) . Depletion of CENPE resulted in metaphase chromo some misalignment with polar chromosomes (MartinLluesma et al., 2002; Putkey et al., 2002; Weaver et al., 2003) , which phenocopies the expression of the BubR1 nonphosphorylat able mutant as well as the kinaseinactive (KD) BubR1 mutant (Fig. 4) . Therefore, we next tested whether a decreased level of CENPE expression upon treatment of CENPE siRNA can also cause reduced levels of Ndc80 phosphorylation by Aurora B at kinetochores in human cells. We indeed observed substan tially decreased levels of kinetochoreassociated pS55Hec1 signals in CENPE-depleted cells (Fig. S5 D) , which is consis tent with our hypothesis that the Aurora B-mediated Ndc80 phosphorylation is reduced at kinetochores with a nonphos phorylated form of BubR1.
The expression of the BubR1 phosphomimetic mutant reduces the incidence of polar chromosomes in cells lacking CENP-E
Expressing the nonphosphorylated BubR1 mutant or depletion of CENPE results in reduced levels of Aurora B-mediated Ndc80 phosphorylation at kinetochores, leading to attachment errors. We next tested whether expressing the constitutively phosphorylated BubR1T608E mutant could correct chromo some misattachments in the absence of CENPE. Cells express ing H2BEYFP were treated with monastrol (and MG132 to prevent premature anaphase onset) to produce large amounts of syntelic and monotelic attachments. Upon release into MG132 medium alone, cells were followed by timelapse microscopic analysis (Fig. 6 A) . Control cells with wildtype CENPE were able to position all chromosomes at the metaphase plate (Fig. 6 B) , whereas CENPE-depleted cells (11 out of 11) had persistent polar chromosomes (Fig. 6 C) . In contrast, although it took a much longer time, a majority of the CENPE-depleted cells (9 out of 10) expressing the phosphomimetic BubR1T608E mutant were able to align all chromosomes at the metaphase plate in the absence of CENPE (Fig. 6 D) .
To further confirm that attachment errors are able to be corrected in CENPE-depleted cells expressing the phos phomimetic BubR1 mutant, we quantified our results in fixed cells upon indirect immunofluorescence. Compared with control cells, depletion of CENPE produced polar chromosomes in 82% of cells. In contrast, 70% of CENPE-depleted cells express ing the BubR1T608E mutant did not show any obvious polar chromosomes and had a complete metaphase plate (Fig. 6, E-I) . These results clearly suggest that CENPE-dependent BubR1 autophosphorylation regulates Aurora B-mediated Ndc80 phosphorylation at kinetochores in response to spindle micro tubule capture. (Fig. 4, B and C) . These results are consistent with a role of BubR1 kinase activity and its autophosphorylation in meta phase chromosome alignment.
In comparison to wildtype BubR1, the relative levels of the nonphosphorylatable or phosphomimetic mutants on unaligned (polar) kinetochores and aligned kinetochores were not signifi cantly altered, though, as expected, the levels of all three BubR1 proteins on aligned kinetochores were reduced (Fig. 4 D) . Thus, the autophosphorylation state of BubR1 at kinetochores is im portant in regulating metaphase chromosome alignment.
The nonphosphorylated form of BubR1 reduces levels of Aurora B-mediated
Ndc80 phosphorylation at kinetochores
The high frequency of syntelic kinetochore-microtubule attach ments even after cold treatment in cells expressing the nonphos phorylatable BubR1T608A mutant (Fig. S5 A) prompted us to investigate the Aurora B-mediated Ndc80 phosphorylation in these cells. Aurora B has been shown to function in destabilizing the improperly attached kinetochore microtubules by phosphory lating kinetochoreassociated microtubule interactors, such as the KMN network (e.g., Ndc80; Cheeseman et al., 2006; DeLuca et al., 2006; Welburn et al., 2009 ) and the formin mDia3 (Cheng et al., 2011) , to reduce their affinities to microtubules in the absence of tension (Lampson and Cheeseman, 2011; Mao, 2011) . We first examined the levels of phosphorylated Hec1 (pS55Hec1), a component of the Ndc80 complex and a major Aurora B sub strate in attachment error correction (DeLuca et al., 2006) , in nocodazoletreated cells. This revealed low levels of kinetochore associated pS55Hec1 signals in cells in which endogenous BubR1 was replaced by the nonphosphorylatable BubR1T608A mutant or the kinaseinactive (KD) mutant but not by the wildtype BubR1 or the phosphomimetic BubR1T608E mutant (Fig. 5,  A and B) . The kinetochore localization of Hec1 itself was obvi ously not affected in those cells (Fig. 5 C) . Next, we examined the levels of phosphorylated pS55Hec1 signals in untreated cells with both aligned and unaligned chromosomes. In agree ment with the results obtained in cells treated with nocodazole, the levels of pS55Hec1 signals on unattached kinetochores in cells expressing the nonphosphorylatable BubR1T608A mutant were also diminished in comparison to those in cells expressing wildtype BubR1 or the phosphomimetic mutant (Fig. S5 B) . In addition, the levels of Aurora B phosphorylation of Hec1 at the S55 site on aligned kinetochores were diminished in all cells expressing any of the three BubR1 proteins (Fig. S5 B) . Thus, our results support the hypothesis that the nonphosphorylated form of BubR1 is able to reduce Aurora B-mediated Ndc80 phosphorylation at kinetochores.
The effects of the nonphosphorylatable BubR1T608A mutant on the Hec1 phosphorylation by Aurora B at the kineto chore are surprising, given that BubR1 depletion has been shown to increase Aurora B-mediated CENPA phosphoryla tion at kinetochores (Lampson and Kapoor, 2005 ). Thus, we tested the effects of BubR1 depletion on Hec1 phosphorylation at the S55 site by Aurora B. In contrast to the reduced kinetochore signals of pS55Hec1 in cells expressing the nonphosphorylatable BubR1 mutant, the levels of pS55Hec1 signals at kinetochores in However, this role has been challenged by reports that replac ing endogenous BubR1 with a kinaseinactive BubR1 mutant (Elowe et al., 2007) or a BubR1 mutant without the kinase domain (Suijkerbuijk et al., 2010) is still able to achieve accurate chromosome segregation in unperturbed mitoses. Furthermore, even a cytosolic murine BubR1 fragment (amino acids 1-386) without the Bub3binding domain (essential for BubR1 kineto chore localization) and the kinase domain has been shown to be able to support metaphase chromosome alignment, the mitotic checkpoint, and cell survival (Malureanu et al., 2009) . Adding to these is the undetectable kinase activity of purified recombi nant BubR1 alone in vitro Wong and Fang, 2007) as well as the lack of substrates. The disparity of those Although the yeast homologue of BubR1, Mad3, does not har bor a kinase domain, several lines of evidence in Drosophila (Rahmani et al., 2009) , Xenopus egg extracts Zhang et al., 2007) , and human cells (Kops et al., 2004; Matsumura et al., 2007 ) support a role of BubR1 kinase activity in metaphase chromosome alignment and/or the mitotic checkpoint. in mitotic cells. More importantly, the kinetochoreassociated signals are restored only by expressing the siRNAresistant wildtype BubR1 but not a BubR1 kinaseinactive (KD) point mutant (Fig. 1) . To our knowledge, this is the first direct evi dence to support the kinase activity of BubR1 in human cells. Furthermore, the kinetochoreassociated BubR1 autophos phorylation signals in cells also depend on the presence of CENPE (Fig. S2) , just as in the previous results that CENPE can stimulate BubR1 kinase activity in vitro Weaver et al., 2003) and in Xenopus egg extracts . results could be attributed to inefficient knockdown or depletion of endogenous BubR1 (Chen, 2002) or different experimental ap proaches, as well as different systems, to examine subtle pheno typic differences.
In this study, we have identified a CENPE-dependent BubR1 autophosphorylation site using purified components and MS. This site has also been identified in human cells using systematic phosphorylation analysis of mitotic pro tein complexes (Hegemann et al., 2011) . Using a specific phosphoantibody against this site, we show that kinetochore associated signals are eliminated by BubR1 depletion (siRNA) duration of mitotic arrest induced by nocodazole in comparison with cells having wildtype BubR1 (Fig. 3 D) . Furthermore, similar to what has been shown in the absence of CENPE (Weaver et al., 2003) , unattached kinetochores in cells express ing the nonphosphorylatable BubR1 mutant have reduced levels of checkpoint components Mad1 and Mad2 (Fig. 3, A-C; and Fig. S4) . Therefore, the CENPE-dependent BubR1 kinase activity and BubR1 autophosphorylation are essential for a full strength mitotic checkpoint to prevent chromosome missegre gation when there are only one or a few unattached kinetochores (Fig. 7 A) . A study using BubR1 conditional knockout cells and BubR1 domain mutants has suggested that a prolonged mitotic checkpoint signaling requires BubR1 kinase activity at kineto chores (Malureanu et al., 2009 ). The CENPE-dependent BubR1
Livecell imaging analysis has revealed that BubR1 auto phosphorylation is not only important for metaphase chromo some alignment (for details see next Discussion section) but also a fullstrength mitotic checkpoint. Cells harboring the non phosphorylatable BubR1 mutant spend a similar time in mitosis to that of cells having wildtype BubR1, suggesting that BubR1 autophosphorylation is not required for mitotic timing and the basic mitotic checkpoint strength when there are lots of un attached kinetochores in a short time frame. However, a majority of those cells with the nonphosphorylatable BubR1 mutant ini tiate anaphase onset with polar chromosomes (Fig. 2) , pheno copying what has been shown in cells without CENPE function (Putkey et al., 2002; Weaver et al., 2003 Weaver et al., , 2007 . Cells express ing the nonphosphorylatable BubR1 mutant also have a shorter Figure 7 . A model for the role of CENP-E-dependent BubR1 autophosphorylation at the kinetochore. (A) Incorrect kinetochore-microtubule attachments (purple chromosomes) trigger Aurora B-mediated phosphorylation of the KMN network (represented by the Ndc80 complex in the cartoon) and CENP-E, resulting in destabilization of kinetochore microtubules. At unattached kinetochores, CENP-E stimulates BubR1 kinase activity and its autophosphorylation. Mad1 and Mad2 are also recruited onto unattached kinetochore to generate mitotic checkpoint signaling. At attached bioriented kinetochores (red chromosomes), spindle microtubule capture by CENP-E silences BubR1 kinase activity and recruits Phosphatase 1 (PP1) to outer kinetochores. The nonphosphorylated form of BubR1 reduces Aurora B-mediated Ndc80 phosphorylation and Mad1-Mad2 association at kinetochores. These coordinated events result in dephosphorylation of key components at the kinetochore-microtubule interface (e.g., Ndc80), leading to stable attachment upon biorientation and separation of the inner centromeric Aurora B from outer kinetochore substrates, as well as silencing the mitotic checkpoint signaling. (B) During the formation of the bipolar spindle upon release from monastrol treatment, a large number of attachment errors needs to be corrected. In the absence of CENP-E, the nonphosphorylated form of endogenous BubR1 resides on incorrectly attached kinetochores, which reduces Aurora B-mediated Ndc80 phosphorylation, leading to the persistent existence of polar chromosomes. Expressing a phosphomimetic BubR1 mutant to replace some of the nonphosphorylated endogenous BubR1 at kinetochores helps to correct misattachments, although it takes a much longer time for those cells to achieve metaphase chromosome alignment. MT, microtubule; P, phosphorylated. at the kinetochores are influenced by the balance of the phos phomimetic BubR1 mutant and the endogenous nonphosphory lated form of BubR1 in the absence of CENPE to achieve correct kinetochore-microtubule attachment. And second, CENPE could play an important role in achieving metaphase chromosome alignment. CENPE has been proposed to stabilize microtubule capture at kinetochores because most CENPE-free aligned kinetochores bound only half the normal number of micro tubules, and polar chromosomes have no obvious attached micro tubules in primary mouse fibroblasts (Putkey et al., 2002) . It has also been proposed that congression of polar chromosomes to the metaphase plate can be powered by the processive, plus end-directed kinetochore motor CENPE (Kim et al., 2008; Yardimci et al., 2008) alongside kinetochore fibers attached to other already bioriented chromosomes (Kapoor et al., 2006) .
Materials and methods
In vitro kinase assay and MS Recombinant full-length Xenopus BubR1 was expressed in Escherichia coli with a His tag at the N terminus and purified over an Ni-nitrilotriacetic acid column (QIAGEN) following the manufacturer's protocols. Recombinant Xenopus CENP-E protein was produced as previously described . In summary, the full-length CENP-E was expressed in Hi5 insect cells using the expression system (Bac-to-Bac; Gibco/Life Technologies). The recombinant bacmids were produced as directed by the manufacturer. The CENP-E protein was then purified from whole-cell extracts upon being frozen in liquid nitrogen and thawed, through a two-step ionexchange chromatography, a HiTrap SP Sepharose ion-exchange column, and a Source 15Q column. The protein was eluted using a linear gradient from 100 mM to 1 M KCl in ion-exchange chromatography buffer (10 mM Pipes, pH 6.8, 0.5 mM EGTA, 2 mM MgCl 2 , and 50 µM ATP).
Purified BubR1 were incubated with or without CENP-E at room temperature for 30 min with 25 mM Hepes, pH 7.5, 10 mM MgCl 2 , and 200 µM ATP. BubR1 from both reactions were recovered from the SDS-PAGE. The gel bands were subjected to liquid chromatography (LC)-MS/MS analysis.
Tissue culture, transfection, and drug treatment T98G cells were cultured in DME with 10% FBS at 37°C in 5% CO 2 . BubR1 siRNA were purchased from QIAGEN. Transfection was performed using HiPerFect (QIAGEN) according to the manufacturer's instruction. In all chromosome alignment analyses, 48 h after transfection, cells were treated with monastrol to accumulate mitotic cells for 4 h and released into MG132 medium for 1 h. Cells were then fixed and subjected to immunofluorescence analysis. Nocodazole, monastrol, and MG132 (Sigma-Aldrich) were added to a final concentration of 100 ng/ml, 100 µM, and 10 µM, respectively, or as indicated in figures and/or figure legends.
Immunofluorescence microscopy and live-cell imaging A synthesized phosphorylated peptide, KPNPED-pT-CDFARAAR-amide, was used to raise BubR1 pT608 antibodies in rabbits, and the sera were affinity purified (YenZym Antibodies, LLC). The pS55-Hec1 and Mad2 antibodies are provided by J. DeLuca (Colorado State University, Fort Collins, CO) and G. Kops (The University Medical Center Utrecht, Utrecht, Netherlands), respectively. Other antibodies were obtained from Abcam.
For indirect immunofluorescence, cells grown on poly-l-lysine-coated coverslips were washed once with microtubule-stabilizing buffer (MTSB; 100 mM Pipes, 1 mM EGTA, 1 mM MgSO 4 , and 30% of glycerol), extracted with 0.5% Triton X-100 in MTSB for 1 min, fixed with 4% paraformaldehyde in MTSB or cold methanol (20°C) for 10 min, and blocked in TBS containing 0.1% Tween 20 and 4% BSA (Sigma-Aldrich) for 1 h. Coverslips were subjected to primary antibodies diluted in blocking buffer for 1 h and then to FITC or Rhodamine secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.). Cover glasses were mounted with antifade reagent with DAPI (ProLong Gold; Molecular Probes). Image acquisition and data analysis were performed at room temperature using an inverted microscope (IX81; Olympus) with a 60×, NA 1.42 Plan Apochromat oil immersion objective lens (Olympus), a monochrome charge-coupled device camera (Sensicam QE; Cooke Corporation), and the SlideBook software package (Olympus). All images in each experiment were collected on the kinase activity is also important for the mitotic checkpoint in Xenopus egg extracts , a system known to pro duce a weak mitotic checkpoint signal to the extent that >9,000 sperm head nuclei (haploid without sister kinetochores)/ microliter are needed to activate the checkpoint (Murray, 1991) .
Although the crystal structure of BubR1 kinase has not been resolved, superposition of a 3D model structure of BubR1 kinase generated by comparative modeling using the known Bub1 kinase as a template has suggested that these two kinases have very similar structures (BolanosGarcia and Blundell, 2011) . One of the particularly intriguing features is the inter action of the Nterminal extension with the kinase domain, sim ilar to what has been shown for the activation of Cdks by cyclins (Kang et al., 2008) . The interaction between BubR1 and CENPE and the subsequent BubR1 autophosphorylation could cause a structural change of BubR1 and, therefore, influence the func tional roles of BubR1 at the kinetochore. The current spatial separation model suggests that centromere tension produces spatial separation of Aurora B from the kineto chore substrates, subsequently reduces their phosphorylation, and therefore, stabilizes kinetochore-microtubule interactions (Lampson and Cheeseman, 2011) . KNL1 and CENPE-dependent PP1 recruitment at the outer kinetochore has also been sug gested to reverse Aurora B-mediated phosphorylation of the core microtubulebinding proteins (e.g., the Ndc80 complex) for stable microtubule capture by chromosomes (Kim et al., 2010; Liu et al., 2010; Rosenberg et al., 2011) . Here, our findings sup port another mechanism involved in reducing Aurora B-mediated Ndc80 phosphorylation at attached kinetochores to stabilize microtubule attachment (Fig. 7 A) . CENPE-dependent activa tion of BubR1 is sensitive to the kinetochore attachment state, occurring only on unattached kinetochores (Mao et al., , 2005 . The capture of spindle microtubules by kinetochore associated motor CENPE silences BubR1 kinase activity (Mao et al., 2005) . Therefore, the nonphosphorylated form of BubR1 residing on aligned kinetochores is able to reduce Aurora B-mediated Ndc80 phosphorylation through an unknown mechanism, leading to subsequent stable attachment between kinetochores and dynamic spindle microtubule ends.
Cells without CENPE, the BubR1 kinase activator, can not correct attachment errors upon release from monastrol with large amounts of syntelic attachments caused by the reduced levels of Aurora B-mediated Ndc80 phosphorylation in the absence of CENPE-dependent BubR1 autophosphorylation, whereas expression of a phosphomimetic BubR1 mutant is able to largely rescue the phenotypes (Fig. 6 and Fig. 7 B) . However, it takes a much longer time for CENPE-depleted cells express ing the phosphomimetic BubR1 mutant to align all chromosomes at the metaphase plate, and a quarter of the cells remain to have polar chromosomes. This could be attributed to two possibilities. First, the levels of Aurora B-mediated Ndc80 phosphorylation same day using identical exposure times and were deconvolved and presented as stacked images. Quantitative analysis of the immunofluorescence was performed with the SlideBook software. For quantification of kinetochore intensities, a mask was created with a circular region covering each kinetochore, and the mean pixel intensities were obtained within the mask. For live-cell imaging, HeLa cells stably expressing H2B-EYFP were plated onto 35-mm glass-bottom dishes (MatTek Corporation). Images were acquired using a 40×, NA 0.6 dry objective lens every 3 or 5 min with a 37°C, 5% CO 2 chamber and processed using SlideBook software. All statistical significance of quantification experiments was verified by Student's t test using Excel software (Microsoft).
Online supplemental material Fig. S1 shows that BubR1 autophosphorylation at the kinetochores is sensitive to spindle microtubule capture. Fig. S2 demonstrates that the kinetochore-associated BubR1 autophosphorylation signals are dependent on CENP-E, the BubR1 kinase activator. Fig. S3 indicates that BubR1 kinase has substrates other than the BubR1T608 autophosphorylation site that are important for accurate chromosome segregation. Fig. S4 shows the reduction of the signal levels of kinetochore-associated Mad1 in nocodazole-treated cells in which the endogenous BubR1 is replaced by a nonphosphorylatable BubR1 mutant. Fig. S5 demonstrates that CENP-E depletion, but not BubR1 depletion, causes a decrease of Aurora B-mediated Ndc80 phosphorylation at kinetochores. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.201202152/DC1.
